We describe a technique for probing the elastic properties of biological membranes by using an atomic force microscope (AFM) tip to press the biological material into a groove in a solid surface. A simple model is developed to relate the applied force and observed depression distance to the elastic modulus of the material. A measurement on the proteinaceous sheath of the archaebacterium Methanospirillum hungatei GP1 gave a Young's modulus of 2 ؋ 10 10 to 4 ؋ 10 10 N/m 2 . The measurements suggested that the maximum sustainable tension in the sheath was 3.5 to 5 N/m. This finding implied a maximum possible internal pressure for the bacterium of between 300 and 400 atm. Since the cell membrane and S-layer (wall) which surround each cell should be freely permeable to methane and since we demonstrate that the sheath undergoes creep (expansion) with pressure increase, it is possible that the sheath acts as a pressure regulator by stretching, allowing the gas to escape only after a certain pressure is reached. This creep would increase the permeability of the sheath to diffusible substances.
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The physical properties of biological material at the cellular and subcellular level have traditionally been difficult to explore at the level of a single cell, especially for such small cells as bacteria. Bacteria, unlike eucaryotic cells, depend entirely on the diffusion of soluble nutrients and wastes into and out of their cell substance for their livelihood (2) . Bacterial cytoplasms contain an impressive array of electrolytes and organics and ϳ80% water (2) . Their boundary protein-lipid bilayer, the plasma or cytoplasmic membrane, is energized and is responsible for the maintenance of cytoplasmic concentrations. Since water concentration is kept low compared with that in the external milieu, a substantial turgor pressure can be developed against the cytoplasmic side of the membrane (2, 12, 13) . Yet the membrane must remain fluid and malleable to retain its vital functions and is therefore not a good pressure containment vessel for the cell. Because of this, bacteria possess external layers above the plasma membrane to help buoy up the membrane as it resists turgor pressure. This additional structure, usually the cell wall, is firmly knit together by a combination of strong (e.g., covalent and H-bonding) and weak (e.g., ionic, van der Waals, and hydrophobic) interactions. Bacterial walls can consist of a variety of polymeric substances, and their structural and biochemical format depend on the taxonomic group to which they belong (1) . Almost without exception, one of the prime duties of walls is to resist turgor pressure and therefore stop osmotic lysis (12) . Interestingly, it is precisely this osmotic problem which ␤-lactam antibiotics (e.g., penicillin) take advantage of. They inhibit the incorporation of new material (peptidoglycan) into the wall, thereby stopping growth and initiating lysis (8) . It is therefore important to better understand the physical properties of bacterial surfaces. We often know their chemical makeup and their physical ultrastructure, and we can even estimate macromolecular intra-and intermolecular bonding (3, 8) . However, thus far it has been impossible to extrapolate these data to a more complete understanding of how these features fit together and are physically expressed in the complete structure.
One way to understand this complexity is to determine the elastic properties of such a surface. The degree of elasticity will be a function of chemical makeup and bonding and of the combination of the various structural components with one another. Furthermore, because the walls of bacteria can be easily isolated and purified, they are convenient biological structures for elasticity measurements with an atomic force microscope (AFM). Such measurements can then be extrapolated to other macromolecular assemblies. An analysis of a single-layered structure is a necessary precursor to understanding more complex measurements on multilayered bacterial surfaces and intact bacterial cells. For this reason, we have chosen to initiate such a study on the sheath of Methanospirillum hungatei GP1 since it is a proteinaceous single-layered structure of unusual strength (6, 15, 16) . It has high cross-beta structure (20) , which maximizes protein bonding, it is paracrystalline, and it has oblique symmetry (Fig. 1) ; all of these attributes make the elastophysical properties easier to interpret and understand. In addition, the sheath has already been characterized by scanning probe microscopy (5, 7, 17) and is one of the few microbial surfaces that has been so studied (9) . It is therefore a good starting point before more complex bacterial surfaces (such as those of gram-positive and gram-negative organisms) are attempted.
M. hungatei possesses a complex surface architecture. The cell wall consists of a simple S-layer with hexagonally arranged subunits 15.1 nm apart (10) . At the ends of each cell there reside multilamellar spacer or terminal plugs with the various layers so interdigitated that a complex moiré pattern is produced (4, 11) . The cells are arranged end to end and are held in place by an encompassing layer, the sheath, which forms a hollow cylinder in which the cells reside. The sheath is the outer most surface layer through which all nutrients (e.g., H 2 and CO 2 ) and wastes (e.g., CH 4 ) must pass.
MATERIALS AND METHODS
The general aspects of the method have been presented previously (24) . The essential element of the method is the use of a hard substratum that contains grooves that are narrow compared with the width or the length of the material to be investigated. In our experiments, the substrate was a Ga-As plate which contained an array of 300-nm deep grooves that were 700, 500, and 300 nm wide. Sheaths of M. hungatei GP1 were isolated as previously outlined by Sprott and McKellar (19) and suspended in deionized water, and a small drop was placed on the Ga-As plate. This drop was partially dried with filter paper and then air dried. This resulted in many intact sheaths being suspended over the grooves. An example of such a sheath bridge is shown in Fig. 2a . In an experiment, an area of the grating was scanned with minimum force to locate a suitable sheath bridge and to measure its width and thickness. One method of measuring the elastic properties of the sheath involved placing the AFM tip on a suspended section of a sheath near the middle of a groove. Deflection of this region was then measured as the tip force was varied. Most measurements of the sheath deflection, however, were made by collecting images of the sheath bridge and the neighboring support areas under progressively increasing tip forces. The net depression of the center of the sheath relative to the supports was obtained from computer-generated cross sections through these images. The general arrangement for the force measurement is shown schematically in Fig. 2b . Increasing the loading force, F, by the tip increased the depression, ␦, of the sheath relative to the grating supports. Our AFM cantilevers had force constants of 0.16 to 0.76 N/m. If the response of the material to the applied force is elastic and if the sheath does not slip on the grating supports, then the cantilever deflection as a function of the applied force can give information about the elastic properties of the suspended material. To confirm elastic behavior, the loading force was cycled from small to large and back to small, and only results on those sheath bridges where the deflection returned close to the original deflection under small loads were evaluated.
RESULTS
General considerations and modeling. The sheath of M. hungatei resembles a long, hollow tube that collapses when dried onto a surface. It consists of a number of hoop-like structures that are stacked on to one another to form the hollow tube. The hoops and their crystalline appearance can readily be seen by transmission electron microscopy of negatively stained specimens (Fig. 1) . When deposited on a surface such as the Ga-As grating, the sheath is collapsed, and it must be treated as a double layer 18 nm thick and 650 nm wide (17).
FIG. 1.
A transmission electron microscope image of a negatively stained surface of the M. hungatei sheath. The longitudinal axis of the sheath is at right angles to the hoop boundaries, which are indicated by the arrowheads. For our elasticity calculations, we assumed that the sheath was most flexible along the longitudinal axis and would stretch in the directions of the arrow.
FIG. 2. (a)
A scanning tunneling microscope image (2,100 by 3,000 nm) of a sheath suspended over a 300-nm-wide gap in a Ga-As substrate. (b) Schematic arrangement for the force measurement on the sheath. The AFM tip applied a loading force, F, near the center of the span and causes a deflection, ␦, of the membrane relative to the Ga-As grating. The measured tip forces and corresponding sheath depressions allow a determination of the elastic modulus with the help of equation 9.
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This particular sheath (and others) were sufficiently long that they followed the contours of neighboring grooves and appeared well anchored to the substratum. Forces up to 10 Ϫ7 nN were applied and gave depression distances ␦ up to 20 nm. For tip forces of this magnitude and for a tip radius of 20 nm, the tip can form a small depression in the substratum at the location of the tip. This indentation of the Ga-As substrate was calculated, and a small correction was applied to the measured deflections of the sheath (for the appropriate formula for a spherical indentor, see reference 22). The larger the elastic modulus is, the smaller is the indentation. The measured modulus of the sheath was significantly larger than that of Ga-As, and indentation correction for the sheath was therefore neglected.
Determination of the elastic properties for simple materials such as those in the shape of a fiber is more straightforward than for the case of a biological membrane such as the M. hungatei sheath. A fiber that possesses rigidity can, when suspended over a groove, be modeled as a beam supported at both ends, and the elastic properties of ␤-chitin fibers with cross sections down to 20 ϫ 40 nm 2 have been determined by this beam deflection method (24) .
For samples in the shape of a membrane such as the sheath, interpretation of the elastic properties from the deflection measurements is more complicated. Before such measurements could be made, we felt it appropriate to test a simpler system that could be scaled up to centimeter dimensions. The test system used was a plastic film that was clamped between two supports. The dimensions of film width, gap width, and indentor radius were scaled to the corresponding quantities used for the measurements on the bacterial sheath. The sheath, however, was proportionately thicker than the plastic film. The model developed below agreed well with the measurements on the plastic films and suggested that application of the model to an actual membrane was reasonable.
Relationship between sheath depression and applied force. Biological membranes, such as the sheath, readily conform to the underlying substratum; thus, they appear to have negligible rigidity, and so only tensile forces should be of importance.
The simplest way to characterize the elastic behavior of such a system is through the extensional or Young's modulus, E. If the material is in the form of a thin strip of length L, uniform width w, and thickness t, and one end is fixed to a support while a loading force, T, is applied to the other end, then the applied stress ϵ T/wt is related to the resulting strain ϵ (ε/L) by the relation ϭ E. A measurement of the net stretch, ε, of the strip for an applied force along the strip thus allows one to calculate its elastic modulus, E, if the dimensions of the strip are known. The suspended sheath has two sides fixed and two sides free, and the description of the elastic behavior for a membrane supported in this way is considerably more complicated than for the strip of uniform width discussed above. The problem can be simplified if it is noticed that for a load applied over a small region near the geometric center of the membrane bridge, the two triangularly shaped regions that are bounded by the free sides are essentially unstrained. Most of the strain is therefore taken by the two trapezoidally shaped regions shown shaded in Fig. 3a . This can be demonstrated simply by clamping a stretched piece of plastic wrap between two supports and putting a small weight on the center. The problem then reduces to a calculation of the strains in a trapezoidally shaped membrane when a force, T, is applied at the narrow end (Fig. 3b) . If the ratio of the width of the wide end, W 0 , to the length of the trapezoid, L 0 , is much less than unity, then the tension or the force per unit length is approximately constant in the direction perpendicular to the direction of the applied force. In that case, the total extension (ε) of the trapezoid is given by
where the effective width w eff is
On the other hand, if w 0 Ͼ L 0 , then the tension is no longer uniform across the membrane but is largest near the central region. To obtain an estimate of the total stretch of the membrane for an applied load at the center and hence an estimate 
The tension per unit angle in the ith section in terms of the tension in the central section is then given by
Following equation 2, the effective width of the ith section S i eff in equations 3 and 4 is given by
where r t is the tip contact radius. The component of T i that is in the plane of the membrane and perpendicular to the groove edge, T iv, is
The total tensile force, T, perpendicular to the groove edge is
where m is the maximum angular width for the membrane. The logarithmic term in equation 6 is zero when ϭ 0 and makes a contribution for exceptionally wide membranes only when m is near 90Њ. The logarithmic term in equation 6 was therefore neglected in the integration. We then obtain the following approximate expression for the tension per unit angle:
where
If the principal trapezoidal regions remain plane after a load is applied, then the extension ⌬l c of the central section can be related to the total membrane depression relative to the substrate, ␦, by simple geometry and ⌬l c ϭ (␦ 2 Ϫ ␦ 0 2 ) 2L 0 , where ␦ 0 is the initial sag of the membrane under zero load. The loading force, F, equals 2T␦/L 0 , and applying equations 3 and 8 to the central section suggests the following relationship between applied force and membrane depression:
As stated before, to test the validity of equation 9, we performed loading experiments on suspended plastic films. The widths of the suspended film and of the gap, as well as the radius of a spherical loading device, were scaled to the dimensions of the sheath, to the groove width in the Ga-As substrate, and to the AFM tip radius. Two types of experiments were performed. In the first type, a complete film spanned the gap. In the second type of experiment, the weakly strained triangular regions (the unshaded regions in Fig. 3a) were cut out of the film so that at the center, a 2-cm-wide region equal to the diameter of the spherical indentor remained. For both types of sample films, the depression depth at the center (as function of an applied load) was measured. The results are plotted in VOL. 178, 1996 ELASTIC PROPERTIES OF METHANOSPIRILLUM SHEATH 3109 experiments gave us confidence to apply the model to the sheath suspended over a groove in the Ga-As substratum. Figure 6 shows a plot of F/␦ versus ␦ 2 for a sheath bridge. The deflection of the sheath bridge was measured relative to the grating substratum, and the loading force was calculated with the help of the experimentally determined cantilever force constant. In this type of experiment, the elastic modulus of the substratum is generally assumed to be high, and so substratum indentation by the tip can be neglected. The Young's modulus of Ga-As was 7 ϫ 10 9 N/m 2 , and substratum indentation effects were significant for the higher forces used in this experiment. The sheath deflections were therefore corrected for the indentation of the Ga-As reference surface with the help of standard indentation formulas (22) . Although the scatter in the data is larger than in the simulation, a definite linear relationship is nevertheless evident. Results such as those shown in Fig. 6 on a number of sheath bridges suggested that the initial sag of the sheath was around 6 to 11 nm, while the slope ranged from 1.3 ϫ 10 16 to 2.4 ϫ 10 16 N/m 3 .
DISCUSSION
Limitations and advantages of the AFM depression technique for measuring elasticity of bacterial systems. These are the first AFM elasticity measurements of a procaryotic surface, and they show that the depression technique described here is a complement to the indentation method (21, 22) . The depression technique should be particularly helpful for the study of elastically and compositionally anisotropic systems such as bacterial walls. For example, gram-positive walls are not isotropic and consist of several components such as peptidoglycan, teichoic and teichuronic acids, and (commonly) additional layers such as S-layers or capsules (1, 3) . Gram-negative walls are even more complex possessing a bilayered outer membrane and thin peptidoglycan layer (1, 3) . Even more simple isolated structures, such as the M. hungatei sheath, are not of a uniform composition since small amounts of specialized proteins are required for rigidity and as a cementing matrix for the hooplike regions of S-protein (15, 16, 18) . Our depression technique can be used for such anisotropic systems; it can even be used to estimate bond strength in anisotropic systems and to investigate the yield of materials at the elastic limit. The modulation technique as devised by Radmacher et al. (14) that measures the amplitude and phase of the cantilever in response to a vibrating sample also works best with soft samples.
The specific case of the M. hungatei sheath. The calculations of the elastic modulus from those slopes generated by our study (Fig. 6 ) required a knowledge of the AFM tip contact radius on the sheath. Unlike the simulation case, determination of the contact radius on the sheath could have been a difficult problem. We overcame the problem by examining the shape of the scan lines at the edges of the grooves. These edges were sufficiently steep that the broadening of the image of the edge was presumably due to the tip shape. For the data in Fig.  6 , the tip had a radius of curvature of 20 nm. The contact radius can be affected by the tilt angle of the sheath relative to the horizontal, by the elastic tip indentation depth into the sheath, by surface roughness of the sheath, and possibly by inelastic effects that may produce a deep local sheath depression at the location of the tip. For small loading forces and those cases in which the membrane depression approximately follows equation 9, the inelastic effects will be unimportant. We estimate that the contact radius for membrane (sheath) tilt and for elastic indentation was at most 4 nm. Our AFM and (previous) scanning tunneling microscope images of the sheath surface showed surface undulations with a period comparable to the tip diameter and with an amplitude of up to 3 nm (5, 7, 17, 23) . With the tip located in such a surface depression, the average contact radius would be ϳ12 nm and could be no more than 20 nm. For the center of an intact sheath which is double layered (i.e., one layer of the cylinder has collapsed over top of the other), the contact radius would be 21 to 29 nm and f( m ) would be Ϸ1.5. Using these values, Fig. 6 gives a Young's modulus range of 3.3 ϫ 10 10 to 3.9 ϫ 10 10 N/m 2 for the Methanospirillum sheath.
The foregoing analysis assumes that the sheath could be treated as being elastically isotopic. However, there is evidence that considerable anisotropy may exist. For example, the sheath consists of a number of hoop-like structures (Fig. 1 ) which are cemented together by distinct adhesive polypeptides; the sheath can be decomposed into its constituent hoops by appropriate chemical treatment (15, 16, 18) . These individual hoops resist further chemical dissolution unless harsh covalent bond-breaking agents are used (6, 15, 16) . Furthermore, many transmission electron microscope, scanning tunneling microscope, and AFM images of collapsed sheath tubes clearly show that the sheath tends to fracture along hoop boundaries and only infrequently across the hoops. This finding suggests that the internal bonding between the particles within each hoop is stronger than the bonding between hoops. In that case, one might expect most of the stretch in the sheath under an applied load to come from the bonding elements that bind hoops to each other. To estimate the magnitude of the dilation of the gaps between hoops, we assumed that the sheath was most flexible along the tube's longitudinal axis but essentially unstretchable in the direction perpendicular to the hoops (Fig. 1) . The hoops were assumed to be coupled together by springs of spring constant, k, that are spaced at a distance, s, apart and that undergo extension when a tensile force is applied (23) . The average hoop width is 15 nm (15, 16) , and then ϳ10 hoops can be accommodated between the groove wall of the Ga-As substratum and the groove center (Fig. 2) . A modified version of the trapezoidal model together with the experimentally determined net stretch of the sheath of 1.6 nm for an applied force of 10 Ϫ7 N gave hoop separations of Ϸ0.04 nm for the hoop gap nearest to the groove wall and Ϸ0.3 nm for the gap nearest to the tip (in the estimate, it was assumed that the tip was located at the center of a hoop). The analysis further gave k/s Ϸ 1. suggested that hoops may separate by several angstroms (1 Å ϭ 0.1 nm) before fracture of interhoop bonds occurs. Biological significance of elasticity measurements. This is the first time that an elasticity measurement has been made on a bacterial surface by AFM, and it represents a starting point for similar studies on more complex microbial surfaces, including those on living cells. It is one of the very few pressuremeasuring techniques that can be used on such minute individual cells and (as this study shows) on their isolated boundary layers.
M. hungatei is a bacterial cell which possesses a remarkable number of external layers above the plasma membrane (10, 11, (18) (19) (20) . The sheath is the outermost boundary layer, and it is the most resilient; the sheath is responsible for maintaining the rod shape of each cell (4, 10) as well as, by its innate porosity, for dictating what compounds can diffuse to and from the cell (4). Carbon metabolism for this methanogen requires small, simple substrates (H 2 and CO 2 ; although, through laboratory adaptation, strain GP1 can now also use acetate) which develop an equally small, simple waste product (CH 4 ). The lattice constant of the subunits that compose the sheath is 2.81 nm (a ϭ 5.66 nm, b ϭ 2.81 nm, and ␥ ϭ 85.6 [20] ) so that a relatively impermeable protein meshwork is produced. The size of diffusible compounds is thought to be limited by the diameter of the pores that exist between the subunits (4), a diameter that just approaches the molecular size of H 2 , CO 2 , and CH 4 (4, 20) . It is possible that the sheath acts as a pressure vessel which regulates pressure for the bacterium. The concentration of intracellular CH 4 could build up at this boundary layer during carbon metabolism until a threshold pressure level was attained, at which point the sheath would be subjected to creep, or expansion. This would stretch the size of the pores in the sheath, making it more permeable for the exit of CH 4 and the entry of H 2 and CO 2 . Previous experiments showed that for an AFM tip with a tip radius of 20 nm, the sheath was punctured when the tip force exceeded 10 Ϫ7 N (24) . From this value and our calculated range of tip contact radii, we estimate a limiting boundary layer tension of between 3.5 and 5.0 N/m. Since the diameter of the bacterium is ϳ440 nm, this value for the tension implies a maximum sustainable internal pressure for the sheath of 300 to 400 atm. The sheath, therefore, appears to have more than adequate structural strength to resist those internal turgor pressures that have been determined for both gram-positive (20 to 50 atm) and gram-negative (3 to 5 atm) eubacteria (2, 12, 13) . Although the tensile strength of the sheath may be different in a fully hydrated environment, we nevertheless suggest that M. hungatei may be capable of developing internal pressures approaching hundreds of atmospheres which are sustained by its boundary sheath. As these pressures develop, the sheath would have a limited capacity to expand, thereby making it easier for molecules to pass through. It may be too simplistic to envision overall sheath expansion since the hoop boundaries could be the most expandable regions. If these junctions are more prone to expansion, then the sheath would stretch only along the longitudinal axis (Fig. 1) . Our value of 1.4 ϫ 10 10 N/m 2 for k/s implies that an internal pressure increase of 10 atm would expand each hoop juncture by 0.01 nm. Higher pressures would increase the separation much more (i.e., 400 atm ϭ 0.4 nm).
It must also be recognized that for the entire cellular filament to act as a pressure vessel which is regulated by the sheath, we must also explain the function of the terminal and spacer plugs that separate the individual cells along the sheath tube. These plugs are lamellar and contain a number of different layers of different permeabilities (11) . Although they are more permeable than the sheath, small molecules, such as those used in the Gram stain, can penetrate only into the terminal cells of each filament (4) . The spacer plugs and the tight fit of subsequent cells inhibit additional diffusion down the length of the filament. Therefore, all interior cells must be in a diffusion-restricted environment that is mediated by the porosity of the sheath. It is possible that interior pressure buildup by methane and subsequent sheath expansion alleviate this problem for all necessary diffusible compounds.
